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A study to evaluate distributed water from two 
Western Austral ian drinking water sources 
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ABSTRACT 
In this study, the impact of bromide 
and iodide on disinfected waters was 
examined and potential treatment 
technologies for their removal or 
mitigation were investigated. Distributed 
waters from two Western Australian 
drinking water sources were evaluated 
in terms of their bromide and iodide 
concentrations, disinfection by-product 
(DBP) formation, halogen-specific 
adsorbable organic halogen (AOX) 
formation and chlorinous odours 
after disinfection. In both systems, 
the brominated DBPs dominated the 
measured DBPs and, in both cases, 
the known DSPs accounted for only 
30% of total organohalogens. 
Chloramination with a sufficient 
free chlorine contact time followed by 
ammonia addition, rather than pre-
formed monochloramine, may be a viable 
mitigation strategy for the minimisation 
of I-OBPs, since exposure to free chlorine 
should promote the conversion of iodide 
to iodate, a safe form of iodine. This 
study has shown that bromide plays an 
important role in this process, mainly by 
enhancing the preferred conversion' of 
iodide to iodate. 
Ozone pre-treat ment selectively 
oxidised iodide to iodate and minimised 
the formation of I-OB Ps. Complete 
conversion of iodide to iodate, while 
minimising the bromate formation to 
below the guideline value of 10 jJg 
L-" was achieved for a wide range of 
ozone concentrations in raw waters, 
including raw waters with high bromide 
concentrations. 
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INTRODUCTION 
Some Australian drinking water source 
waters, particularly those in Western 
Australia, contain high concentrations 
of natural organic matter (NOM), as well 
as elevated concentrations of bromide 
(Brl and/or iodide (11. These waters 
have the potentia l to form bromo- and 
iodo-organic disinfection by-products 
(OBPs) upon disinfection, which are 
thought to be generally more hazardous 
to health than the chlorinated analogues 
(Richardson et al., 2008), highlighting 
the importance of managing the 
inorganic precursors in source 
waters, in addition to NOM removal. 
In addition to being more toxic 
than their chlorinated analogues, the 
bromo- and iodo-organic OBPs can 
induce taste and odour issues in the 
Chlorination (Cl,) 






finished waters (Hansson et aI., 1987; 
McOonald et al., 2013)_ For example, 
iodo-trihalomethanes (I-THMs), especially 
iodoform (CHI)), have been associated 
with a characteristic medicinal taste 
and odour that may appear in finished 
drinking water (Hansson et al., 1987)_ 
These compounds have low organoleptic 
threshold concentrations ranging from 
0.03 to 8.9 jJg L-' . with the lowest 
concentration being for CHI) (Cancho 
et al., 2001 ). 
Bromide and iodide present in source 
waters react differently with different 
disinfectants. The fate of bromide and 
iodide during oxidative drinking water 
treatment processes is shown in Figure 
1. Ouring chlorination, bromide reacts 
with the free chlorine (HOCI) to produce 
hypobromous acid (HOBr), which may 
then react with NOM to form bromo-
organic OBPs (Br-Org OBPs). 
HOBr 







Figure 1. The fa te of bromide and iodide du ring oxidat ive d rinking 









AOX = Halogen incorporation into known DBPs and unknown DBPs 
Figure 2. Fo rmation of AOX in chlorinated waters. 
When ozone (DJ) is used as the 
disinfectant, HOBr is further oxidised 
to bromate (BrOll. 11 potential human 
carcinogen; hence ozone applicat ion is 
often limited in bromide-containing waters 
(von Gunten, 2003b; Allard er al., 2013). 
Iodide also reacts quickly with free chlorine 
to form hypoiodous acid (HOI), which can 
then react with NOM to form the more 
toxic iodo-organic DBPs (I-Org DBPs). 
In the presence of excess free chlorine 
or during Qlonation, HOI is further 
oxidised to iodate (10]1. a non-toxic, 
and thus preferred, sink for iodine 
(Biehsel and van Gunten, 1999; Allard 
et aI., 2013). Unlike chlorine and ozone, 
monochloram ine (NH,CI) is not able to 
oxidise HOt to iodate and thus formation 
of iodo-organic DBPs occurs during 
chloramination of iodide-containing 
waters (Bichsel and von Gunten, 1999). 
Halogenated DBPs can be 
measured as individual species, e .g. 
trihalomethanes (THMs), haloacetic 
acids (HAAs), and haloacetonitriles 
(HANsl, or in a bulk measurement such 
as halogen-specific adsorbable organic 
halogen (AOX). Halogen-specific AOX 
provides a measure of all of the individual 
halogens (Cl, Br, I) incorporated into 
organic compounds in a sample. The 
measurement of halogen-specific AOX 
in drinking water is an alternative to 
the analysis of individual DBPs, since 
analytical methods do not exist for 
many of the individual compounds that 
comprise AOX. The formation of AOX in 
chlorinated waters is illustrated in Figure 
2, where AOX consists of the halogen 
incorporation (AOCI, AOBr and AOI) 
into known and unknown DBPs. 
The formation of organic DBPs can be 
minimised by removal of their precursors 
(NOM and halides) and optimisation of 
the disinfection parameters to minimise 
their forTlation or removal of DBPs after 
their for'TIation. Treatment of water to 
remove DBP precursors (NOM, bromide 
and iodide) prior to disinfection and 
distribution is by far the most effective 
approach to solving the dual problems 
of disinfectant loss and DBP formation. 
Different disinfection methods can 
produce different known and unknown 
DBPs, however, minimising the availability 
of precursors for their formation is 
applicable regardless of the disinfection 
process used, thereby minimising the 
formation of al l DBPs (Watson et al., 2012). 
While there are several treatment 
processes for effective removal of NOM 
(e.g. Hammes et aI., 2006; Warton et al., 
2007), currently there are no economical 
and effective methods for the removal of 
bromide and iodide from natural waters. 
Method. for bromide and iodide removal 
that have been studied previously include: 
membrane, electrochemical and adsorptive 
techniques (Watson et al., 2012). 
Membrane techniques, particularly 
reverse osmosis, have proven to be 
effective in the removal of both halides 
and NOM (Magara e t cll., 1996; Xu et a/., 
2008), however, these techniques c-.n 
be expensive and not energy efficient 
(Watson et ai" 2012) , Electrochemical 
techniques have also been shown to 
have good halide removal capabilities, 
however, they do not efficiently remove 
NOM, which is also vital for minimising 
fo rmation of DBP~ (Watson et al., 2012). 
Studies on bromide and/or iodide 
removal using adsorption techniques 
(e.g. sil~' er-;mpregnated activated carbon 
and carbon aerogels, ion-ex;change resins 
and alum coagulation) have shown that 
most of these methods can reduce the 
concentrat ions of these ions to varying 
extents, however, their efficiency was 
limited by interference from NOM and/ 
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or competition from other ions present 
at higher concentrations (Watson et aI., 
2012 and references therein), 
The aims of this study were to: 
(a) better understand the impact and 
occurrence of high concentrat ions of 
bromide and iodide in source waters 
on the quality of distributed waters; and 
(b) develop innovative water treatment 
processes for the removal/mitigation 
of both bromide and iodide in drinking 
water source waters. The potential 
technologies for the mitigation of 
bromide and/or iodide in source waters 
investigated in this study included: (i) 
chlorine followed by ammonia addition 
for chloramination and (ii) selective 
oxidation by o~one. 
METH ODOLOGY 
WATER SAMPLES 
Samples of raw and distributed waters 
were collected from various drinking 
water source waters in Western Australia. 
The waters were analysed for iodide, 
bromide, bromate, iodate and dissolved 
organic carbon (DOC). Selected samples 
of distributed waters were analysed 
for the formation of a suite of D8Ps 
(regulated THMs (THM4), i-THMs, HAAs 
and HANs) and halogen-speCific AOX, 
and for the presence of chlorinous odours. 
REAGENTS AND 
EXPERIMENTAL METHODS 
Experimental, reagent and analytica l 
protocols were all rigorous and based on 
published sources, but space does not 
permit inclusion in this paper. 
RESULTS AN D DISCU SSION 
SURVEY OF BROMIDE AND 
IOD IDE CONCENTRATIONS 
IN WA D RINKING WATER 
SOURCE WAT ERS 
In a survey of the concentrations 
of bromide, iodide and DOC in many 
Western Australian drinking water source 
waters, the bromide concentrations were 
fo und to range from 400 I'g L" to 8450 
j.Jg L'\ while the iodide concentrations 
ranged from less than 5 I-Ig l " to 593 I-Ig 
l " (Table 1). DOC concentrations ranged 
from 0.4 mg l ·' to 16 mg l -' (Table 1). 
Bromide concentrations of < 50 j.Jg l " in 
natural drinking water supplies have been 
reported as low by Gillogly et aI, (2001). 
Moderate bromide concentrations have 
been reported at approximately 110 I-Ig l " 
(Ates et al., 2007). Bromide concentrations 
ranging from 76--540 1-19 l -' have been 
referred to as moderate to high (Boyer 
and Singer, 2005), and concentrations 
OECEMDEr. W'U WATER 
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Table 1. Concentrations of bromide, iodide and DOe in some Western Australian raw source waters 
(E _ eastern; GW '= groundwater, GWTP = groundwater treatment plant; SW"" surface water; W • western). 
Sample 
North-West Coastal GW 




Perth Met ro GWTP raw water 
Mid·West E GW bore 
Goldfields GW bore 1 
Goldfields GW bore 2 
Goldfields GW bore 3 
Goldfields GW bore 4 
Goldfields GW bore 5 
Perth South Coastal GW bore 1 
Perth South Coasta l GW bore 2 
Perth South Coastal GW bore 3 
Great Southern SW2 
Mid-West W GW bore 1 
Mid-West W GW bore 2 
Mid-West W GW bore 3 
Perth Northern GW bore 
Perth Metro artesian GW 
·Limit of detection (LOO) - 5 101 9 L" 
around 700 1019 L" have been described 
as very high (Hansson et al., 1987). 
Iodide concentrations in natural 
waters are generally fairly low « 10 1019 
L" ) and are usually lower than chloride 
and bromide concentrations (von 
Gunten, 2003b). However, in some cases, 
iodide concentrations can reach levels 
of O!: 50 IoIg L" due to special geological 
formations Of seawater intrusion (von 
Gunten, 2003b). 
B;3r;cd on thc!;c prcviou~ly roported 
classifications, it is apparent from the 
results in Table 1 that all of the surveyed 
sites contain high to very high bromide 
concentrations, with many of the sites also 
containing high iodide concentrations. 
Two of the surveyed source waters 
contained high DOe concentrations. while 
the majority of sites had low to moderate 
DOe concentrations compared to other 
drinkin9 water sources in Australia. 
For example, DOe concentrations of 10 to 
13 mg L" have previously been reported 
as high, while DOe concentrations of 5 
mg L" have been described as moderate 
(Fabris et al., 2008). 
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Bromide 
Iodide Concentration DOe Concentration 
Concentration 
(jJg Loll 
(~g Loll (mg L-') 
8,455 594 0.8 
847 17 10.2 
754 72 '.2 
448 31 4.3 
400 90 3.5 
743 31 7.6 
1,460 < LOD* 0.6 
977 < LOO 0.8 
1,385 26 1.2 
817 < LOO 0.7 
868 < lOO 0.9 
717 < LOO 0.9 
1,483 23 '.0 
479 <lOO 2.6 







THE IMPACT OF HIGH BROMIDE 
AND IODIDE CONCENTRATIONS 
ON DISINFECTED WATERS 
A preliminary study to understand 
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the impact of high bromide and iodide 
concentrations in drinking water source 
waters on dis infected waters was 
conducted. Distributed waters from 
selected water reso .... rces were examined 
in terms of their bromide and iodide 
concentrations, OBP formation, halogen-
specific AOX formation and chlorinous 
odours after disinfection. 
To minimise precursor removal and 
understand the process of DBP formation, 
source waters with minimal treatment 
(i.e. disinfection only) prior to distribution 
were chosen. Two such source waters were 
selected for this study. The first source 
water was a groundwater (GW) containing 
high bromide (750 IoIg l " ) and iodide (70 
IoIg l " ) concentrations and a relatively 
low DOC (1.2 mg L"l concentration. The 
second water was a surface water (SW) 
containing a moderate OOC (3.5 mg L" ) 
concentration and high bromide (400 IoIg 
l " ) and iodide (90 IoIg L") concentrations. 
Both source waters were disinfected using 








Formation of disin fection by-products 
(OBPs) 
In both the GW and the SW systems, the 
more toxic brominated DBPs dominated 
the measured DBPs in the distribution 
system samples, as bromine is more 
reactive than chlorine, and thus can lead 
to higher formation of brominated OBPs 
than chlorinated DBPs, even when the 
chlorine concentration is much higher 
than the bromine concentration. 
Most of the DBPs detected in the 
GW system were the regulated THMs 
(33%) and HAAs (65%), with only minor 
concentrations of HANs (1 %) detected. All 
10 species of THMs were detected in the 
5W distributed waters. In this distribution 
system, the regulated THMs and HAAs 
also fOfmed the largest proportion of DBPs 
(46% and 51%, respectively) followed by a 
small percentage of HANs (3%) and a minor 
quantity of I-THMs (less than 1%). The DBPs 
detected are reported as a percentage of 
the total molar concentrations. 
In the SW system, the concentrations 
of most of the DBPs increased further 
into the distribution system, with 
greater increases observed for the 
concentrations of CI-OBPs due to 
a longer contact time with chlorine. The 
bulk of the initial iodide concentration 
present in the raw water appeared to be 
converted to iodate after chlorination, 
with only low concentrations of I-THMs 
being detected in the SW distribution 
system. The regulated THMs and HMs 
detected were present at concentrat ions 
below the Australian Drinking Water 
Guidelines (250 IJg L·l for THM4, 100 IJg 
L-' for dichloro- and tr ichloroacetic acids, 
and 150 jJg L-' for chloroacetic acid) 
(N HMRC, 2011 ) in both t he GW and 
SW distribution systems. 
Halogen-specific adsorbable organic 
halogen (AOX) formation 
The halogen·specific AOX was 
determined for the chlorinated GW 
and SW distribution systems, with 
AOBr dominating the formation of total 
AOX in both systems. In both systems, 
the known AOX (sum of ha logen 
incorporation into the measured THMs, 
HMs and HANs) only accounted for 
approximately 30% of the total AOX, 
illustrating the importance of AOX 
measurements in understanding the 
full formation of halogenated DBPs. 
Chlorinous odours 
A chlorinous odour was detected by more 
than 50% of the panellists in all distributed 
waters when the free chlorine equivalent 
concentration was above the odour 
threshold concentrat ion (OTC) of 0.1 mg 
L' for free chlorine. When the free chlorine 
equivalent concentration was below the 
OTC for free chlorine, a chlorinous odour 
was still detected in both the GW and SW 
dist ributed waters. The chlorlnous odour 
detected when the free chlorine equivalent 
concentration was below the OTC for 
free chlorine in these distributed waters 
could have been caused by the presence 
of bromine (McDonald et aI., 2013), 
highlight ing the occurrence of potential 
aesthetic issues due to the presence 
of bromide in source waters. 
INVESTIGATION OF 
POTENTLAL TECHNOLOGIES 
FOR THE MITIGATION 
OF HALOGENATED DBPS 
Pre-chlorination followed by ammonia 
addition for mitigation of I-organic 
OBPs in chloramination 
A chloramination process, based on a 
free chlorine contact time followed by 
ammonia addition, instead of addition 
of pre-formed monochloramlne, was 
investigated for reduction of I-organic 
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Figure 3. Iodine incorporation into I-THMs (bars) and iodate yield (lines) 
(Reprinted with permission from Criquet e t al. , 2012. Copyright 2012 
American Chemical Society). 
chlorine should promote the formation 
of non-toxic iodate, thereby minimising 
formation of I-DBPs (erlquet et al., 2012). 
The role of bromide in this process was 
also investigated. 
The formation and the speciation of 
iodinated THMs was found to depend 
on the free chlorine contact time and 
the bromide concentration (Criquet 
et al., 2012). The presence of bromide 
was found to be beneficial, favouring 
the formation 01 iodate and decreasing 
the formation of highly iodinated THMs 
(Criquet et al., 2012). 
Figure 3 shows iodine incorporation 
into I-THMs (bars) and iodate yield (lines) 
for different pra-ch lorination times and 
varying bromide concentrations for 
chloramination of a Western Australian 
river water (initial concentrations after 
dilution and addit ions: !l - 50 I-Ig 
L-'. pH 8. DOe - 1.2 mgC L·'). Initial 
chlorine concentration was 1 mg CI
1 
L" 
( ' 5 j.lM); ammonia addition: 75 jJM. At 
t .. 0 m'n, ammonia was added before 
the addit ion of chlorine. I-THMs were 
analysed afte r 24 h to simulate contact 
times in distribution systems. The 
chlorine concentration was an important 
parameter and the pre-chlorination t ime 
needs to be long enough to transform 
the iodide to iodate. A longer chlorine 
contact time was needed when the 
bromide concentration was lower. 
The concentrations of highly iodinated 
compounds, especially iodoform, were 
significant ly reduced by this process, 
indicating that this is a valuable process 
option for mitigation of I-organic OBP 
formation (Criquet et al. , 2012). 
Selective pre-oxidation of iodide to 
iodate using ozone with mitigation 
of I-organic DBP formation in post-
chloramination 
The possibility of oxidising iodide 
to iodate by OlOne, while keeping 
the bromate concentration below 
the Australian drinking water guideline 
value of 10 I-Ig L" (NHMRC, 2011), 
was investigated (Allard et al., 2013). 
To elucidate the factors affecting iodate 
and bromate formation , experiments 
were performed with various waters 
under different 010nation conditions. 
Ozone pre-treatment selectively 
oxidised iodide to iodate and minimised 
the formation of I-DBPs (Allard et 
aI. , 2013). Complete conversion of 
iodide to iodate, while minimising the 
brOlTld te form<ltion to below 10 I-Ig L " 
was achieved for a wide range of initial 
ozone concentrat ions in several source 
waters (Figure 4). Iodide was completely 
oxidised to iodate for ozone doses of 
8-141JM (0.38--0.67 mg L"l depending 
on the water quality (Allard et aI., 2013). 
Bromate formation followed a different 
pattern, with no bromate formation for 
ozone doses below 141JM, followed by a 
linear increase in bromate concentrations 
for increasing ozone doses (Figure 4) 
(Allard et al., 2013). 
Bromate formation increased as the 
alkalinity increased and the consumption 
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" ~- 100% 103- formation 
the pH effectively 
reduced bromate 
formation and had 
no impact on the 
extent of iodate 
and bromoform 
formation (Allard 
et al., 2013). 
c low I-DBPs ~ 
u 
c 
Br0 3- < drinking 0 u - water standard 0 
~ 
'" -~ 0 , -2 B.oI" drillkinll wat ''''''Ii''OI~ 810 3-
Concentrations 
of most of the 
regular THMs 
were unaffected 
by the ozonation 
process, since 
these THMs Ozo ne dose 
Figure 4. SchematiC re prese ntatio n of Iodate and 
bro mate formati on as a functi o n of the ozone dose 
(adapted fro m Alla rd e t al., 201 3). 
do not react 
with ozone (von 
Guntsn, 2003a): 
of the NOM. As expected, since HOBr 
was the sole halogenating agent in the 
pre-ozonation step, the major THM 
formed during ozonation was bromoform, 
but t races of CHBr2CI and CHBr21 were 
also detected (Allard et al., 2013). 
To investigate the behaviour of 
bromine and iodine species under 
more realistic conditions, ozonation 
experiments were performed with 
water samples collected from a Perth 
Metropolitan Water Treatment Plant 
after a pre-chlorination step followed 
by coagulation, f1occulation and 
clarification (Le. post-clarifier). 
In these water samples, THMs 
were already present due to the 
pre-chlorination step. Decreasing 
however, the 
concentration of bromoform increased 
with increasing ozone dose (Allard et al., 
2013). It was also demonstrated that all 
the I-THMs present in the water were 
efficiently oxidised during ozonation 
(Figure 5) of chlorinated and post-
clari f ied water. Experimental conditions: 
2 fl9 L-l of each I-THM added, [11" 15 
iJg l " , [Br1 = 940 iJQ l " , lOll "" 104 iJM 
(5 mg l -' ), [DOC] ... 3.5 mgC l " (AHard 
et al., 2013). 
Thus, pre-ozonation provides several 
benefits for drinking water treatment of 
iodide-containing source waters, as it 
can selectively oxidise iodide to iodate, 
thereby minimising the fo rmation of the 
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Fig ure 5. Oxidat ion of I-THMs (Re printed with permission 
from AlIard e t al., 201 3. Copyright 2013 Elsevierl. 









disinfection step, and it can also oxidise 
I-THMs if they are already present in 
the water. Furthermore, by carefully 
controlling the ozone dose, it is possible 
to keep the bromate concentration below 
the Australian drinking water guideline 
(10 iJg l " ), even fo r source waters wit h 
high bromide concentrations. 
CONCLUSIONS 
The impact of high bromide and iodide 
concentrations on distributed waters 
from two Western Australian drinking 
water source waters was investigated. 
In both systems, the brominated DBPs 
dominated the measured OBPs (THM4, 
I-THMs, HAAs and HANs). However, in 
both distribution systems, t he measured 
DBPs ac:counted for only 30% of total 
organohalogens, demonstrating that 
AOX measurements are important in 
providing an understanding of the 
full formation of halogenated OBPs 
in drinking water. The primary fate 
of iodide after chlorination was a 
conversion to iodate, with only minor 
concentrations of iodo-THMs formed . 
Two processes based on the selective 
oxidat ion of iodide to iodate, the non-
toxic and thus preferred sink for iodine, 
were investigated for the mitigation of 
I-DBP formation in post -chloramination. 
The first process was based on using 
chloraminat ion with addition of free 
chlorine, followe d by ammonia, while the 
second proc:ess involved a pre-ozonation 
step before chloraminat ion. Bromide was 
found to play an important role in the 
chlorination/ammonia addition process 
by promoting t he preferred conversion 
of iodide to iodate. 
This process reduced the formation 
of lodo-organic: DBPs, provided that the 
free chlorine contact t ime was sufficient 
for full conversion of iodide to iodate. 
Selective oxidation of iodide to iodate 
without significant bromate formation 
was achieved under certain ozonation 
conditions, c:onfirming that ozonation 
is a viable pre·treatment option for 
mitigat ion of I-organiC DBP formation 
in post-chloramination. 
While potential solutions for the 
mitigation of I-organic DBP formation 
during chloramination are now available, 
options for actual removal of bromide and 
iodide from source waters need further 
investigation and development. The use 
of silver-based materia ls and polyphenolic: 
materials for the removal of bromide and! 
or iodide is currently under invest igation. 
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